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Superconducting critical field far above the Pauli limit in one-dimensional Li0.9Mo6O17
J.-F. Mercure,1 A. F. Bangura,1,2 Xiaofeng Xu,1, 3 N. Wakeham,1
A. Carrington,1 P. Walmsley,1 M. Greenblatt,4 and N. E. Hussey1
1H. H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, BS8 1TL, United Kingdom
2RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama, 351-0198, Japan
3Department of Physics, Hangzhou Normal University, Hangzhou 310036, China
4Department of Chemistry and Chemical Biology, Rutgers University, Piscataway, NJ 08854
The upper critical field Hc2 of purple bronze Li0.9Mo6O17 is found to exhibit a large anisotropy, in quantitative
agreement with that expected from the observed electrical resistivity anisotropy. With the field aligned along
the most conducting axis, Hc2 increases monotonically with decreasing temperature to a value five times larger
than the estimated paramagnetic pair-breaking field. Theories for the enhancement of Hc2 invoking spin-orbit
scattering or strong-coupling superconductivity are shown to be inadequate in explaining the observed behavior,
suggesting that the pairing state in Li0.9Mo6O17 is unconventional and possibly spin-triplet.
Superconductivity in quasi-one-dimensional (q1D) conduc-
tors has attracted sustained interest from the theoretical com-
munity [1], largely due to the fact that under certain condi-
tions, rare phenomena such as spin-triplet pairing [2–4] or the
spin-singlet, spatially inhomogeneous Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state [5–7] may be realized. The or-
ganic conductors (TMTSF)2X (X = PF6, ClO4) have been
most extensively studied in this regard, though the nature
of their pairing state has not yet been fully determined. In
(TMTSF)2PF6, the constant Knight shift across the supercon-
ducting (SC) transition Tc [8], together with the observed vio-
lation of the Pauli paramagnetic limit [9] supports triplet pair-
ing, while in (TMTSF)2ClO4, a Knight shift suppression be-
low Tc and the presence of line nodes [10] indicate collectively
a d-wave, spin-singlet pairing state. The possible realization
of the FFLO state in (TMTSF)2ClO4 at low T , as suggested by
recent angular studies of Hc2 [11], is also consistent with sin-
glet rather than triplet pairing. Theoretically, the coexistence
of spin-(SDW) and charge-(CDW) density-wave instabilities
can lead to a complex phase diagram where both singlet and
triplet phases lie in close proximity, with triplet pairing be-
coming dominant as repulsive interchain interactions are en-
hanced [3, 12, 13]. Intriguingly, the triplet state known to ex-
ist in the q2D perovskite superconductor Sr2RuO4 might also
arise from repulsive interactions between q1D bands [14].
Li0.9Mo6O17 (LiMO) is a transition metal oxide with q1D
electronic properties. It is metallic at high T , semiconducting
below a temperature 15 K ≤ Tmin ≤ 30 K and superconduct-
ing below Tc ∼ 2 K [15]. Despite having a Tc higher than the
(TMTSF)2X family, its SC properties have received little at-
tention to date. While the presence of a density wave (DW)
transition in LiMO was initially discounted, recent magneto-
transport data appear to suggest some form of DW gapping
[16]. The precise nature of the DW however, and its rela-
tion to the superconductivity, has yet to be resolved. Finally,
signatures of superconductivity have been found to emerge
at high magnetic fields [16] in LiMoO crystals that are non-
superconducting in zero-field, consistent with theoretical pre-
dictions for a q1D superconductor with triplet pairing [6, 7].
Here, we report a detailed temperature and orientational
FIG. 1: Zero-field resistivity curves for Li0.9Mo6O17 for I‖a,b and
c, scaled by 2000 (ρc) and 100 (ρa) for clarity. Note that the ρb(T )
trace only goes down to 4.2 K, as explained in the Supplementary In-
formation. Lower inset: Superconducting transition as seen in ρc(T )
(blue) and its temperature derivative dρc/dT (brown). Upper inset:
c-axis magnetoresistance ∆ρc/ρc on the same single crystal at T =
4 K, i.e. just above Tc, plotted versus H2 (H‖a). The slope gives a
measure of the in-chain mean-free-path (see text).
study of Hc2 in crystals that are superconducting in zero-field
and extract Hc2(T ) for fields applied along the three crystal-
lographic axes. With the field parallel to the zigzag chains
(H‖b), Hc2 increases monotonically with decreasing temper-
ature to a value five times larger than the usual Pauli param-
agnetic limit. We show evidence that LiMoO is a strongly-
coupled superconductor in the clean limit. However, the large
Hc2 values can neither be explained wholly by the effects of
strong coupling [12] nor by spin-orbit scattering as parame-
terized by the Werthamer-Helfand-Hohenberg (WHH) theory
[18]. Such a finding points to the possibility that the low-field
SC state in LiMO might also be a spin-triplet.
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FIG. 2: Field sweeps of the c-axis resistivity of Li0.9Mo6O17 in ∼ 0.1 K steps for H aligned along the three crystallographic axes.
Figure 1 presents zero-field resistivity ρ(T ) curves from
300 K down to 1.6 K (4.2 K) for I‖a,c (I‖b) respectively,
scaled to incorporate all three curves on the same set of axes.
(Full details of the samples and measurement techniques are
given in the Supplementary Information.) On cooling from
room temperature, ρ(T ) is metallic down to about 15 K, fol-
lowed by a well-defined upturn and finally, superconductivity.
The size of the resistivity upturn is much smaller than found
in the (non-superconducting) crystals described in Ref. [16],
consistent with the anti-correlation between Tc and the size of
the resistivity upturn first reported by Matsuda et al. [11]. The
lower inset shows a blow-up of the c-axis resistive transition at
Tc, the mid-point of which, as defined using the maximum in
dρc/dT , occurs at 2.2 K. The resistivity anisotropy extracted
from this set of curves is 80:1:1600 (150:1:1600) for ρa:ρb:ρc
at T = 300 K (4.2 K) respectively. This is almost two orders of
magnitude larger than the anisotropies reported in the recent
literature [20, 21], highlighting the extreme care needed to iso-
late the individual current directions in such low-dimensional
systems (see the SI section for further details).
Figure 2 shows c-axis resistivity curves obtained in an 18
Tesla pumped 3He cryostat with the field applied along a, b,
and c, for temperatures between 0.33 and 2.40 K. The ρc(H)
curves for H‖b show an unusual broadening at intermediate
temperatures, the origin of which is not understood at present.
The large anisotropy in Hc2 is apparent from inspection of the
field scales in the three different panels. Field alignment for
H‖b required an accuracy < 1◦ that was difficult to achieve in
our 3He system and higher Hc2 values (H‖b) were observed
in a second set of measurements performed on the same crys-
tal in a pumped 4He system. The phase diagram for Hc2(T )
obtained from fixed-field temperature sweeps in the latter is
shown in Fig. 3, where the open squares, two-tone squares and
open circles refer to measurements performed with H‖a,b,c
respectively. Here, Hc2(T ) is determined by the maximum in
the relevant derivative dρc/dT or dρc/dH. As shown in the SI
section, choosing a different criterion does not change qualita-
tively the overall behavior, nor the anisotropy parameters. All
data in Figs. 2 and 3 were corrected for the remnant field by
symmetrizing with respect to positive and negative field val-
ues. Data for a second single crystal with a slightly lower Tc
and Hc2(0) are shown (for H‖b only) in the SI section.
From the initial slopes of the increase in Hc2(T ) below Tc
(dashed lines in Fig. 3), we obtain dHc2/dT |T≤Tc values of -
1.5 T/K, -19.5 T/K and -0.5 T/K and a corresponding critical
field ratio of 3:39:1 for H‖a:b:c respectively. According to
anisotropic Ginzburg-Landau (GL) theory
H ic2
H jc2
=
ξi
ξ j =
√
σii√
σ j j
=
√ρ j j√ρii , (1)
where subscripts i, j refer to crystalline axes, superscripts
i, j refer to the direction of the applied magnetic field, ξi, j
(∝ vi, j) is the orientation dependent coherence length, σii/σ j j
(∝ v2ii/v2j j) is the anisotropy in the diagonal elements of the
conductivity tensor and vi, j are the respective Fermi veloci-
ties. Squared, the SC anisotropy is approximately 9:1500:1,
or 170:1:1500 when inverted. Note that these ratios are in
excellent quantitative agreement with those (150:1:1600) ob-
tained from the normal state resistivity measurements.
A more complete Hc2(T ) phase diagram, extracted from the
data plotted in Fig. 2, is shown in Fig. 4. (Note that the Hc2
values for H‖a,c have been re-scaled in this plot). Using the
(linearly) extrapolated zero-temperature values Hc2(0) from
the phase diagram and the equation
H ic2(0) =
Φ0
2piξ j(0)ξk(0) , (2)
we obtain estimates for the three coherence lengths; ξb(0) ≃
300 A˚, ξa(0) ≃ 100 A˚ and ξc(0) ≃ 25 A˚. Significantly, the
interchain coherence lengths are both longer than the lattice
spacing (or more precisely 2ξa(c)(0) > a(c)− d [22], where
a = 12.73A˚ and c = 9.51A˚ are the a,c-axis lattice constants
and d ∼ 3A˚ is the approximate width of the MoO4 octahedra),
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FIG. 3: Phase diagram for Hc2 as a function of temperature for fields
applied along the three crystallographic directions and temperatures
down to 1.6 K obtained with the 4He vapor pressure system.
implying the absence of Josephson coupling and a continuous
phase of the SC order parameter across the chains. Hence, de-
spite the extreme one-dimensionality of LiMO in the normal
state, its superconductivity appears to be described satisfacto-
rily using anisotropic-3D GL theory.
For a q1D spin-singlet superconductor with H‖chain, or-
bital pair-breaking is minimized (due to the small interchain
electron velocities) and superconductivity can only be de-
stroyed once the Zeeman energy arising from spin-splitting
of Cooper pairs exceeds the SC condensation energy. For an
isotropic BCS superconductor, the Pauli limit is expressed as
µ0HP = 1.84Tc ≃ 4.0 T for Tc = 2.2 K. HP can also be cal-
culated independently [23] using actual values (see SI sec-
tion) for the Pauli susceptibility χp (= 2.8 x 10−6) and for
the condensation energy Uc (= 2.2 mJ/mol, estimated from
the specific heat anomaly at Tc) obtained on crystals taken
from the same batch and with similar Tc values. These give
µ0Hp ≃ 3.1 T for LiMO, i.e. comparable with the BCS value
but still five times smaller than the measured Hc2(0) for H‖b.
According to WHH theory [18], spin-orbit scattering (e.g.
at the Mo site) can act to limit Zeeman splitting and thus in-
crease the value of Hc2 beyond the usual Pauli limit. It is
expressed using two dimensionless parameters, the Maki pa-
rameter α and the spin-orbit scattering λSO. The former is
constrained through the expression α ≃ 0.528 dHc2/dT |T≤Tc
(= 7.5 for the 3He data), while λSO = 2h¯/3pikBTcτSO (= 32) is
determined from the best curve fit to the data, shown in Fig. 4
by a dashed line. The associated spin orbit scattering time τSO
can be converted to a mean-free-path ℓSO using the measured
(in-chain) Fermi velocity [24]. For both data sets (i.e. from
the 3He (Fig. 4) and 4He cryostats (Fig. 3)), ℓSO ∼ 120 A˚.
An estimate for the transport mean-free-path ℓ0 can be ob-
tained from the low-T interchain magnetoresistance (MR).
With I‖c and H‖a, Boltzmann theory gives for a q1D metal in
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FIG. 4: Phase diagram for Hc2(T ) for temperatures down to 0.3 K
obtained with the 3He cryostat. The data were obtained from the field
derivative of the magnetic field sweep curves shown in Fig. 2. Note
that for H‖a,c, the Hc2 values have been normalized to emphasize
the similarities of their T -dependencies. The dashed line is a fit to
the WHH theory with α = 7.5 and λSO = 32 (see text for details).
the weak-field limit
∆ρc
ρc
=
(
ecB
h¯
)2
ℓ20, (3)
As shown in the top inset of Fig. 1, ∆ρc/ρc ∝ B2 at low
fields with a slope that yields ℓ0 ∼ 650 A˚ at T = 4 K. Ac-
cording to the Abrikosov formula [25], τ0/τSO = (Z/137)4 (Z
= 42 for Molydenum). Thus, one expects τSO to be ∼ 100
times longer than the transport lifetime τ0, in marked con-
trast to what is obtained from the WHH parameters. More-
over, the diffusion constant obtained from the Maki parameter
gives ℓ0 < 1A˚, showing clearly that WHH theory is inapplica-
ble here (it is only truly valid in the dirty limit). It also shows
that the spin-orbit scattering alone cannot account for the val-
ues of Hc2 observed in LiMO.
Strong (e.g. electron-phonon) coupling can also act to re-
duce the effects of Pauli limiting through renormalization of
the band splitting. Fits to the specific-heat anomaly yield a
coupling constant λ = 1.2 ± 0.1, intermediate between those
of Nb and Pb. Even with this strength of coupling however, the
magnitude of Hc2(0) in LiMO is more than double the renor-
malized value (see SI section for more details) [12]. While
one cannot exclude the possibility that the high Hc2 found
in LiMO is due to a combination of singlet pairing, strong-
coupling superconductivity and strong spin-orbit scattering, it
would require a precise combination of all of these effects to
realize the present situation.
In a triplet superconductor, the spins of the Cooper pair can
be co-aligned, making the Pauli pair-breaking effect redun-
dant. Triplet superconductivity is, however, extremely frag-
ile and can easily be destroyed by impurities [26]. For our
samples, ℓ0 > 2ξb(0), i.e. within the clean limit, and while
the FFLO state cannot be ruled out at the lowest temperatures
4and highest fields, significantly we find in LiMO, three of the
key ingredients for realizing q1D triplet superconductivity:
extreme one-dimensionality, a Hc2(T ) profile with minimal
paramagnetic limiting and a long mean-free-path. The recent
observation of scaling in the longitudinal b-axis MR in LiMO
[16] provides compelling evidence that some form of DW de-
velops below Tmin. As discussed in the introduction, the nature
of the DW fluctuations near Tc may ultimately determine the
pairing state. In q1D systems close to a Peierls-type CDW
instability, s-wave is the dominant pairing channel [27]. How-
ever structural [28], thermodynamic [11] and optical studies
[6] have all failed to find evidence of a genuine phase tran-
sition in LiMO at T = Tmin. We also find no evidence of
a specific heat anomaly at Tmin, contrary to an earlier report
[30]. This lack of evidence has lent support to the notion that
the CDW instability in LiMO is in fact driven by electronic-
interactions [28], as is the case for strongly-interacting cou-
pled Luttinger liquids [31], with either singlet or triplet pair-
ing competing for the ground state.
Finally, for H⊥b, Hc2(T ) displays pronounced upward cur-
vature, leading to a reduction in the SC anisotropy with de-
creasing temperature. A similar enhancement has been ob-
served in (TMTSF)2PF6 and attributed to the formation of in-
sulating (SDW) and SC domains at pressures approaching the
SDW phase [32]. This model, in which Hc2 is determined
by the largest penetration depth perpendicular to the applied
field, can account for the very similar Hc2 values found for
H‖a and H‖b in q1D (TMTSF)2PF6 as well as the upturn in
Hc2 for H‖c. In LiMO however, there is no clear evidence for
such an SDW phase at these temperatures and field scales and
the anisotropy in Hc2, though reduced with decreasing tem-
perature, always remains large.
An alternative explanation for the enhancement of Hc2 is
a field-induced reduction in the effective dimensionality of
the electronic system, as observed in other q1D conductors
[11, 33–35]. For H⊥b, the semiclassical motion of quasiparti-
cles along, say,~k oscillates with an amplitude tk/evFB, where
tk is the ~k-axis hopping parameter. (Note that even though
ρc(T ) is non-metallic at low-T , the positive, quadratic trans-
verse MR shown in the inset to Fig. 1 indicates that coher-
ent quasiparticles do exist in this temperature regime.) As
B increases, the amplitude of the oscillatory interchain mo-
tion decreases [36]. This gradual confinement suppresses or-
bital pair-breaking and leads to an overall decrease in vk( j) and
in turn ξk, which now becomes field-dependent. As a result,
H ic2 increases with decreasing temperature. While this field-
induced dimensional crossover will occur in both orthogonal
field orientations, it is expected to happen at different field
scales [37]. Moreover, it remains an open question whether
this confinement process can lead to an enhancement of Hc2
at fields well below the crossover field. In the case of triplet
pairing, this field-induced dimensional crossover can lead ulti-
mately to re-entrant superconductivity [6, 7], though in LiMO,
such behavior has only been seen to date with the field aligned
parallel to the molybdate chains and only in samples that do
not superconduct in zero-field [16]. In the present batch of
crystals, we observe a strong negative magnetoresistance for
H‖b, but as yet, no sign of re-entrant superconductivity.
In conclusion, we have demonstrated the existence of a
highly anisotropic, yet still three-dimensional SC state in
LiMO with an anisotropy (near Tc) that is in excellent quan-
titative agreement with the measured normal-state electrical
anisotropy. The magnitude of the b-axis upper critical field
exceeds the usual Pauli limit by a factor of five. We have
shown that neither spin-orbit scattering nor strong-coupling
superconductivity can account fully for this enhanced Hc2 and
thus have speculated that LiMO is a viable candidate for the
realization of triplet superconductivity. Although the effective
dimensionality of the electronic state just above Tc is yet to
be determined, LiMO displays all the hallmarks of a 1D Lut-
tinger liquid at least above T = Tmin [24, 38], suggesting that
the superconductivity may in fact have a higher dimensional-
ity than the normal state out of which it condenses. In this
case, pairing has to involve electrons on different chains, thus
providing a test-bed for theoretical claims that triplet pairing
in q1D superconductors is stabilized in the presence of (repul-
sive) interchain interactions [3, 12, 13].
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SAMPLE CHARACTERIZATION AND RESISTIVITY
MEASUREMENTS
Single crystals of Li0.9Mo6O17 were grown using a tem-
perature gradient flux method [1]. The crystals reported in
this Letter were all selected from the same batch and face-
indexed using a single-crystal X-ray diffractometer to check
their crystallinity and to identify the a- and b-axes. The lattice
parameters were a = 12.73 (± 0.01) A˚, b = 5.53 (± 0.01) A˚and
c = 9.51 (± 0.01) A˚, while the monoclinic angle (β) was de-
termined to be 90.6o, in agreement with previous crystallo-
graphic studies [2, 3]. Once face-indexed, the selected sam-
ples were then cut into rectangles of appropriate dimensions
along the a- and b-axes and cleaved to obtain clean surfaces
onto which electrical contacts were made.
For the ρa(ρc) measurements, we used the so-called quasi-
Montgomery method in which the resistivity is measured in
only one (the most resistive) configuration. In both cases, the
dimensions of the crystal were chosen such that the a- or c-
axis dimension of the equivalent isotropic crystal, estimated
by multiplying the true a- or c-axis dimension by the square
of the resistive anisotropy [4], was always at least one order of
magnitude longer than the corresponding length along b. This
ensured that the current flow was uniaxial along a or c.
For the ρa(T ) measurements, crystals were cut into squares
of approximate dimensions 300 x 300 x 20 µm3 and four gold
wires were attached with Ag paint at the corners of each crys-
tal, which itself was raised above the sample platform with
the current/voltage contacts acting as posts in order to short
out the highly resistive c-axis component. For the ρc(T ) mea-
surements, thicker samples were employed, typically 200 x
200 x 50 µm3 with the gold wires painted onto the faces of the
crystal in such a way as to short out the more resistive a-axis.
In both cases, the interchain resistivities were measured using
ac lock-in detection techniques with excitation currents of 1
- 10 µA. No non-linear effects were observed, neither in the
normal state nor in the mixed state, over this range of currents.
Of all the individual components of the electrical conduc-
tivity tensor, the most difficult one to measure reliably is the
in-chain conductivity (resistivity) since any spurious voltage
drop perpendicular to the chain direction can lead to widely er-
roneous resistivity values and an incorrect temperature depen-
dence. While the Montgomery technique is a reliable method
for determining the inter-chain components, in our experi-
ence, it is not an effective means of isolating the small in-chain
resistivity since its applicability relies on the ability to short
out the voltage drop in the third orthogonal direction which
often cannot be guaranteed. In our experiments therefore, we
choose to mount our electrical contacts in such a way that
the voltage drop in both orthogonal directions is shorted out
rendering the current flow between voltage contacts strictly
one-dimensional. This is achieved by having current pads that
completely cover the ends of the (bar-shaped) sample, using
either conductive paint or evaporated gold strips, and voltage
pads that are painted (or evaporated) across the entire width
of the sample as well as down the sides. A detailed descrip-
6FIG. 5: Demonstration of the different criteria used to determine Hc2
in Li0.9Mo6O17. The solid blue line is ρc(H) field-sweep data ob-
tained at T = 0.81 K with H‖b. The 10% and 50% criteria refer
to the field scale at which the resistivity reaches 10% and 50% re-
spectively of the maximum in the ρc(H) curve. The crossing-point
criterion corresponds to the field scale at which extrapolations of the
mixed-state and normal-state resistivities meet. Note that the 50%
criterion coincides with the maximum in dρc/dT , as expected.
tion of our determination of ρb(T ) has already been published
elsewhere, and we direct the interested reader to the Supple-
mentary Information section of Ref. [5] for further details.
Typical dimensions of our ρb(T ) crystals were 750 x 150 x 20
µm3 and the excitation currents in this case ranged between
10 and 100 µA.
We note that previous resistivity data reported in the liter-
ature and performed using the Montgomery method have a
much lower electrical anisotropy than ours, with ρb(T ) dis-
playing a sub-linear temperature dependence at high T remi-
niscent of the a- or c-axis resistivities. Of course, a low resis-
tivity value (for current along the chains) does not automati-
cally guarantee that one has isolated the in-chain current re-
sponse, since current paths can sometimes be such that lower
(and even negative) resistivity values are obtained artificially.
However, a strong indicator that we are measuring the intrinsic
b-axis response is the reproducibility of our data for a number
of different samples. Again, we refer the interested reader to
the Supplementary Information of Ref. [5] for more detail. In
total, we obtained ρb(T ) curves for over 30 single crystals to
allow us to better identify the intrinsic T -dependence of the
in-chain resistivity and to determine its absolute magnitude.
It is important to acknowledge that the resistivity anisotropy
we obtain is not only in good agreement with measured Hc2
anisotropy, but also with that measured independently by op-
tical conductivity [6].
Finally, note that the ρb(T ) curve displayed in Figure 1 in
the main manuscript and the one we believe to be the most
representative of the intrinsic b-axis resistivity, has a lower
limit of only 4.2 K. This is because the data were taken in a
4He system that could not be pumped. Within a single batch
however, the Tc values (and the size of their resistive upturns)
tend to vary by less than 10% (40%) respectively. Moreover,
as shown in a later section of the Supplementary Information,
we observed a large specific heat anomaly at Tc = 2.2 K in
one of these crystals, confirming that the superconductivity is
indeed bulk and three-dimensional.
DETERMINATION OF Hc2
In Figures 3 and 4 of the Letter, we determine Hc2 using
the maximum in the temperature or field derivative of ρc. In
this section, we consider the effect of adopting different cri-
teria in the determination of the superconducting anisotropy
in Li0.9Mo6O17. Figure S1 shows a typical ρc(H) sweep for
H‖b. The temperature of the sweep is T = 0.81 K. As might
be expected, the maximum in dρc/dT gives a near-identical
Hc2 value to that determined by the midpoint of the transition.
The 10% criterion, i.e. the field at which ρc reaches 10% of its
maximum value, is relatively straightforward to identify and
can be used to set a lower limit on Hc2(T ). For the upper
limit, the 90% criterion is much harder to define due to the
broad fluctuation regime (for H‖b). However, if instead we
use the crossing point between the mixed-state and normal-
state resistivities for the definition of our high Hc2 value (the
so-called ‘Junction’ criterion of Lee et al. [7]), as illustrated
in Figure S1, we obtain the three sets of curves shown in Fig-
ure S2. Consistent data were obtained on a second crystal, as
described in the following section.
As can be seen, the T -dependence of Hc2 is only slightly de-
pendent on the criterion used. More importantly, we find that
the anisotropy of the initial slopes is relatively insensitive to
the different criteria. After scaling the Hc2 values obtained for
H‖b in the 3He system to those obtained in the pumped 4He
system (due to a slight misalignment of the applied field, as
explained in the main text), we obtain H‖a:b:c dHc2/dT |T≤Tc
values of -1.1:-17:-0.4 T/K and -2.4:-30:-0.7 T/K for the 10%
and crossing-point criteria respectively, corresponding to crit-
ical field ratios of 2.8:44:1 and 3.5:44:1 for H‖a:b:c respec-
tively. These compare favorably with the ratio 3:39:1 obtained
using the maximum in dρc/dT , affirming that the anisotropy
ratios are robust. Finally the linear extrapolations of the differ-
ent Hc2(T ) curves plotted in Figure S2 provide the following
estimates of the uncertainty in our Hc2(0) values: Hac2(0) = 5.0
± 0.5 T, Hbc2(0) = 15.2 ± 0.2 T, Hcc2(0) = 1.2 ± 0.2 T.
7FIG. 6: Comparison of the Hc2(T ) curves along H‖a:b:c for the different criteria described in Figure S1. The diamonds, two-tone squares and
crosses correspond to the 10%, maximum in dρc/dT and the crossing-point criteria respectively.
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FIG. 7: The temperature dependence of the upper critical field
Hc2(T ) for a second crystal (Tc = 2.1 K) and the same crystal de-
scribed in the main manuscript.
Hc2 OF A SINGLE CRYSTAL WITH A LOWER Tc
In our continuing search for field-induced superconductiv-
ity in this new batch of crystals, we found similar Hc2(0) val-
ues (i.e. > 13 Tesla) in at least two other samples. Figure S3
shows the results of a more detailed study of the Hc2(T ) pro-
file for H‖b for a second sample with a slightly lower Tc (=
2.1 K) and a correspondingly lower Hc2(0) (= 13 T). Super-
imposed on this curve are data for the same crystal described
in the main manuscript (these are the same data as shown in
Figure 4), scaled by a factor of 0.92. Thus, for a 5% reduction
in Tc, there is a corresponding 8% reduction in Hc2(0). The T -
dependence of the upper critical field however is essentially
identical in the two samples.
ESTIMATING THE PAULI LIMIT FROM HEAT CAPACITY
AND MAGNETIC SUSCEPTIBILITY MEASUREMENTS
Figure S4 shows heat capacity data, divided by tempera-
ture, for a single crystal from the same batch as the crystal
described in the main text. Measurements were conducted us-
ing a long-relaxation calorimeter [10] on a sample with mass
∼ 4.4 mg. A large specific heat anomaly, associated with
the superconducting transition, is observed centered at T =
2.15 K, in excellent agreement with the resistive transition re-
ported in Figure 1. The size of the jump in C at Tc, is far in
excess of that expected for weak-coupling superconductivity
(∆C/γTc=2.07), so we have fitted the data using the strong-
coupling alpha model [8]. Here the temperature dependence
of the energy gap is assumed to be the same as in the weak-
coupling s-wave BCS model, but the absolute value is mul-
tiplied by a constant α to account for the enhanced value of
∆/Tc due to strong coupling. This model has been found to
account well for data, both for conventional strong-coupling
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FIG. 8: The low-temperature specific heat of a Li0.9Mo6O17 single
crystal, γ, divided by temperature. The solid line is a fit to the alpha-
model for a strongly-coupled superconductor as described in the text.
The dashed line is a guide to the eye.
superconductors [8], as well as more exotic materials such as
MgB2 [9] and the organic superconductors [10]. The fit gives
the only free parameter in this model, α = 1.6. By integrat-
ing the fitted curve, we get a superconducting condensation
energy of Uc = 2.2 mJ/mol (∼ 11 J/m3). In many different
electron-phonon coupled superconductors there is a universal
relation between ∆C/γTc and the ratio of Tc to the average
phonon-frequency ωln, which is approximately given by [12]
∆C
γTc
= 1.53
[
1+ 53
(
Tc
ωln
)2
ln
(
ωln
3Tc
)]
.
This gives, ωln/Tc = 0.075, which is intermittent between Nb
and Pb. Using this we can solve the McMillan equation
1.2Tc = ωln exp
[ −1.04(1+λ)
λ− µ∗(1+ 0.62λ)
]
,
to obtain a value for the coupling constant λ = 1.23 for µ∗ =
0.15 (λ = 1.12 for µ∗ = 0.12).
The inset to Figure S5 shows raw magnetic susceptibility
χ(T ) data for another single crystal from the same batch mea-
sured between 2 K and 200 K in a magnetic field of 5 Tesla
applied along the b-axis. The same crystal also shows a su-
perconducting transition in lower fields at Tc = 2.0 K. Plot-
ted alongside this data set are earlier χ(T ) data reported by
Matsuda et al. back in 1986 [11]. While the high temper-
ature values are similar, the data of Matsuda et al. show a
much larger enhancement of low T . This enhancement was
attributed to an extrinsic Curie paramagnetic term caused by
a concentration of 0.15 x 10−3 localized (S = 1/2) moments
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FIG. 9: Main panel: Residual magnetic susceptibility data for
Li0.9Mo6O17 obtained from subtraction of the 1/T Curie term.
The dashed line is a guide to the eye. Inset: Raw susceptibility
data for our Li0.9Mo6O17 single crystal (solid symbols) and for a
Li0.9Mo6O17 single crystal reported by Matsuda et al. [11] (open
circles).
per conduction electron. In our crystals, the enhancement is
a factor of 20 smaller. Subtracting this small 1/T term from
the raw data, we obtain the curve plotted in the main panel of
Figure S5. The residual susceptibility data show a very weak
T -dependence, extrapolating to a zero-temperature value χ(0)
= 2.8 x 10−6. The ionic diamagnetism χdia and the orbital van
Vleck contribution χvv to χ(T ) are believed to be comparable
in Li0.9Mo6O17, with χdia having the slightly larger magni-
tude [11]. This implies that the residual susceptibility data is
a lower estimate of the full Pauli paramagnetic susceptibility
term χP. We can also obtain an estimate for χP from the mea-
sured Sommerfeld constant γ(0) (= 1.6 mJ/mol.K2), assuming
a Wilson ratio RW = 2 (that is consistent with most strongly
correlated metals as well as Luttinger liquids with repulsive
interactions). From these considerations, we obtain χP = 3.0
x 10−6, in good agreement with the measured value.
Combining our estimates for Uc and χP, we obtain an esti-
mate for the Pauli limit of BP = (2µ0Uc/χP)0.5 = 3.1 Tesla, i.e.
lower than the limit estimated simply from the value of Tc.
This estimate can be revised upward however if one consid-
ers the effects of strong coupling. According to Figure 82 of
Carbotte’s review of strong-coupling superconductivity [12],
given the slope of Hc2(T ) near Tc (∼ 14 T/K, as measured in
the 3He system) and our estimate of λ, one expects a corre-
sponding Pauli limiting field of 7.3 Tesla in the clean limit.
However, the actual value of Hc2(0) in our crystals (> 15 T)
is more than a factor of 2 larger than this strong-coupling ex-
pectation.
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